Introduction {#Sec1}
============

Chirality is known to occur at many levels of life organization and plays a key role in many chemical and biological processes in nature^[@CR1]^. The fact that most of organic molecules are chiral starts more and more affecting the progress of contemporary medicine and pharmaceutical industry^[@CR2]^. As a consequence, a great deal of research efforts has been recently focused on the optical activity of inherently chiral organic molecules^[@CR3],\ [@CR4]^. It can be strong in the ultraviolet range, in which case it is difficult to study and use in practice. Shifting the chiroptical response of such molecules into the visible domain is quite challenging and can be achieved, for example, by coupling chiral molecules or biomolecules to plasmonic nanoparticles^[@CR5]--[@CR9]^.

With the advent of the nanotechnology era it has become possible to create and engineer optical activity in various kinds of inorganic nanostructures^[@CR10]^. There are several approaches to making a nanostructure optically active. One way of doing this is to order achiral nanoparticles or nanocrystals into chiral structures, such as helixes or tetrahedra^[@CR9],\ [@CR11],\ [@CR12]^. Another way is the coupling of an achiral nanoparticle to chiral molecules that can transfer their enantiomeric structure to the nanoparticle surface^[@CR13]--[@CR15]^. Besides this, one can fabricate nanoparticles of chiral shapes^[@CR16],\ [@CR17]^ or with screw dislocations of the crystal lattice^[@CR18]--[@CR22]^. It should be noted that the induction of optical activity in all these cases requires nanostructures not only to lack the mirror symmetry, but also to preserve the helicity of light^[@CR23],\ [@CR24]^. Most importantly is that the ability to control the size, geometry, and composition of chiral nanostructures enables the tunability of their optical response over a broad range of electromagnetic spectrum, including ultraviolet, visible, and infrared ranges. Studying the optical activity of nanostructures is thus of applied significance and has a potential to produce new materials and devices with controllable optical properties.

Despite the variety of ways to achieve optical activity in inorganic nanostructures, they all are underlaid by the same physical principle, which is the breaking of mirror symmetry of the nanostructure's electronic subsystem. This raises a number of fundamental questions, such as (i) what are the general conditions to be satisfied for a nanostructure to exhibit optical activity, (ii) how can this activity be maximized for a given set of material or geometric parameters, and (iii) whether or not the total dissymmetry of optical response of nanostructures is feasible. With this paper we offer an approach to address these questions using general considerations and without specifying the exact physical origin of the nanostructure's chirality. This approach leads us to a number of valuable results and a simple theoretical formalism that can prove useful in predicting and interpreting experimental data.

Results {#Sec2}
=======

Let us consider the circumstance in which an arbitrary quantum mechanical system with a discrete energy spectrum exhibits optical activity, that is displays different interactions with left circular polarized (LCP) light and right circular polarized (RCP) light. The measure of optical activity upon the system's transition from one state to another is the difference between the absorption rates of LCP and RCP light upon this transition, known as the *rotatory strength*. For quantum systems such as small molecules and semiconductor nanocrystals, whose dimensions are much smaller than the optical wavelength, the rotatory strength is given by Rosenfeld's formula^[@CR25]^ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${R}_{fi}={\rm{Im}}(\langle i|{\bf{d}}|\,f\rangle \langle \,f|{\bf{m}}|i\rangle ),$$\end{document}$$where \|*i*〉 and \| *f* 〉 are the initial and final states of the transition, and **d** and **m** are the electric and magnetic dipole moments. The strength of enantioselectivity in the interaction of a quantum system with circularly polarized light is characterized by the *dissymmetry factor*, which is the ratio of the rotatory strength to the full dipole absorption rate^[@CR26]^,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${g}_{fi}=\frac{4\,{\rm{Im}}(\langle i|{\bf{d}}|\,f\rangle \langle \,f|{\bf{m}}|i\rangle )}{{|\langle i|{\bf{d}}|f\rangle |}^{2}+{|\langle f|{\bf{m}}|i\rangle |}^{2}}.$$\end{document}$$

One can see that transition \|*i*〉 → \|* f* 〉 is optically active, provided matrix elements 〈*i*\|**d**\| *f* 〉 and 〈 *f*\|**m**\|*i* 〉 are both nonzero and not mutually orthogonal. The first condition implies that the considered transition should be simultaneously electric dipole and magnetic dipole allowed whereas the second one requires the two kinds of transitions to have the same selection rules for the respective components of **d** and **m**. Note that the identity of the selection rules is necessary but insufficient, because the scalar product can vanish even in case of individual vector components being all nonzero.

The above definition of rotatory strength admits a generic method of creating optical activity in a quantum system whose eigenstates are originally achiral. Suppose that the system can transition from an initial state \|*i*〉 to a superposition of achiral eigenstates \|*a*〉 and \|*b*〉 of different parities, such that transition \|*i*〉 → \|*a*〉 is electric dipole allowed and transition \|*i*〉 → \|*b*〉 is magnetic dipole allowed. Owing to the different parities of states \|*a*〉 and \|*b*〉, their mixture \|* f*〉 = *c* ~*a*~\|*a*〉 + *c* ~*b*~\|*b*〉 is chiral in the sense that its wave function 〈**r**\| *f*〉 does not have a mirror symmetry plane. In most instances, the matrix element of the electric dipole moment is real and the matrix element of the magnetic dipole moment is pure imaginary^[@CR27]^, so that we can take 〈*i*\|**d**\|*a*〉 = **d** ~*ia*~ and 〈*b*\|**m**\|*i*〉 = *i* **m** ~*bi*~, where **d** ~*ia*~ and **m** ~*bi*~ are the real vectors, to obtain$$\documentclass[12pt]{minimal}
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These expressions show that the rotatory strength and dissymmetry factor are maximal when **d** ~*ia*~ is parallel to **m** ~*bi*~. Furthermore, since coefficients *c* ~*a*~ and *c* ~*b*~ are bound by the normalization condition \|*c* ~*a*~\|^2^ + \|*c* ~*b*~\|^2^ = 1, the maximum of *R* ~*fi*~ is attained for *c* ~*a*~ = ±*c* ~*b*~ and $\documentclass[12pt]{minimal}
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Discussion {#Sec3}
==========

One of the possible implementations of the proposed generic method is the following. Suppose that quantum states \|*a*〉 and \|*b*〉 of close energies *E* ~*a*~ and *E* ~*b*~ = *E* ~*a*~ − Δ*E* are coupled by some interaction, whose strength is characterized by the matrix element $\documentclass[12pt]{minimal}
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These strengths peak at the exact resonance between the coupled states (Δ*E* = 0) whereas the respective dissymmetry factors both peak at $\documentclass[12pt]{minimal}
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The optical activity of a quantum system shows up in its circular dichroism (CD) spectrum^[@CR27]^. The proposed hybridization mechanism leads to a specific shape of this spectrum, which can be represented in the form $\documentclass[12pt]{minimal}
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Figure [1](#Fig1){ref-type="fig"} shows the CD spectrum given by Eq. ([5](#Equ5){ref-type=""}) as a function of energy detuning *δ* for fixed interaction strength \[panels (a) and (b)\] and for fixed spectral linewidths \[panels (c) and (d)\]. Several general features of optical activity induced by mixing of quantum states are evidenced by this figure. First of all, the CD peaks representing transitions to the mixed states are equally strong and the most pronounced at the exact resonance between the coupled stated. If the peaks are relatively narrow, $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma \ll \beta $$\end{document}$, their FWHMs equal 2*γ* and their positions approximately coincide with the transition energies *δ* ~±~ = ±*β*/2. An increase of the linewidth weakens the peaks and makes them drift apart. The positions of the peaks in the CD spectrum are given byFigure 1CD spectra (in arbitrary units) peculiar to optically active systems with two quantum states coupled by an interaction of strength V. The spectral lineshapes are approximated by Lorentzians of FWHMs 2*γ*. The upper and lower panels represent resonant and off-resonant spectra, respectively. $$\documentclass[12pt]{minimal}
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Equation ([4](#Equ4){ref-type=""}) shows that the rotatory strengths critically depend on the phase of the coupling interaction, varying like $\documentclass[12pt]{minimal}
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It should be noted that the total dissymmetry of dipole absorption can be achieved even in the situation of exact resonance between the mixed states, in which $\documentclass[12pt]{minimal}
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As a final illustration of the suggested approach we consider a resonance between quantum states of electron--hole pairs in two semiconductor nanorods. The matrix elements of the electric-dipole and magnetic-dipole interband transitions inside the nanorods are given by^[@CR35]^ $$\documentclass[12pt]{minimal}
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In conclusion, we have proposed a new generic method of making arbitrary quantum mechanical systems optically active, which relies on the mixing of quantum states of different parities. This mixing introduces chirality into the system and can be achieved by selective excitation of energy states or *via* coupling the states by perturbing the system. We analyzed the general features of the so created optically active systems, with an emphasis on the maximization of their chiroptical response. It was also shown how to make a chiral system with the mixed quantum states which fully absorbs light of one circular polarization and does not absorb light of the other. Being applicable to a large class of real systems, our results are of potential importance for applications in relevant areas of biology, chemistry, and medicine.
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